In this paper, we provide an effective multiuser transmission scheme in three-dimensional (3D) massive multiple-input multiple-output (MIMO) cellular systems, where the full-duplex (FD) base station (BS) equips two separate large-scale uniform planar antenna array (UPA). In order to reduce the computational and implementation complexity, we investigate the characteristic of the beam-domain (BD) 3D massive MIMO channels and self-interference (SI) channel. We propose the 3D multiuser beamspace transmission (MUBT) scheme that requires the spatial angular information of the users and the SI channel. We show that, due to the reduced dimension property of the effective beamspace channel, the overhead for channel estimation is reduced. Furthermore, a user scheduling algorithm is proposed to enable the 3D MUBT scheme in the FD systems. Finally, both the theoretical analysis and simulation results show the the SI can be effectively reduced and demonstrate the effectiveness and superiority of the proposed 3D MUBT scheme on spectral efficiency compared with the conventional half-duplex (HD) and FD transmission schemes.
Introduction
With the booming development of smart terminals and the growing demand for new mobile services, the mobile Internet traffic will continue to grow exponentially, which will increase by roughly 1000 times beyond 2020. Multiple-input multiple-output (MIMO) techniques can obtain multiplexing gain, diversity gain, and antenna gain by exploiting the spatial dimension of wireless resources, which as a result can significantly enhance the capacity and reliability in wireless communications [1] . In order to further improve the spectral efficiency (SE) of the communication systems, massive MIMO has attracted considerable attention. Massive MIMO is first advocated in [2] , which can make the simple linear precoder tend to optimal and eliminate the noise along with uncorrelated interference by simply scaling up the numbers of antenna elements at the base station (BS). In this way, the SE of massive MIMO systems is improved dramatically because more users can be served in the same timefrequency resource. Furthermore, massive MIMO enables *Correspondence: lgdxwxm@sina.com 1 Army Engineering University of PLA, No. 88, Houbiaoying Street, Nanjing, China Full list of author information is available at the end of the article users to reduce the transmit power arbitrarily without compromising the SE [3] .
However, in the practical massive MIMO systems, all these performance gains are profitted from the channel state information (CSI) that is available. Time-division duplex (TDD) seems to be more suitable for massive MIMO systems since the channel reciprocity can be exploited to obtain the instantaneous downlink (DL) CSI through uplink (UL) training [2] ; thus, the overhead for channel estimation is linear with the number of user antennas. For this reason, a great deal of research work has been done for TDD [3] [4] [5] [6] [7] . However, the imperfect calibration between the UL/DL radio frequency chains [8] and pilot contamination [9, 10] in the practical TDD systems limits the performance gains of massive MIMO, which as a result motivates the research on frequency-division duplex (FDD) massive MIMO systems [11] [12] [13] . Since the channel reciprocity does not hold for FDD systems, the training overhead for DL estimation scales linearly with the number of BS antennas. This poses a heavy burden on user equipments and the feedback links in the system where the BS is equipped with a large number of antennas. One attempt is to adopt the closed-loop training scenarios to sequentially design the optimal beam patterns [11] . Another alternative method is to exploit the lowrank property of channel covariance matrix in massive MIMO systems [12, 13] . Utilizing the correlation between channels, the reduced dimension effective channels can be obtained by the eigen-decomposition of channel covariance matrix, which can reduce the overhead of training and feedback.
Furthermore, most of the prior works assume the largescale antenna array deployed along the horizontal axis, which is not applicable for most BSs due to the limited space on the roof or mast. Three-dimensional (3D) massive MIMO, which is referred to as full-dimension MIMO, can overcome this practical challenge because large-scale antennas are arranged in both the horizontal and vertical dimensions when two-dimensional (2D) uniform planar antenna array (UPA) are deployed. In this way, the extra degrees of freedom for vertical dimension can be exploited to improve the capability of serving 3D distributed users, as illustrated in Fig. 1 . In [14] , the channel correlation matrix based on a generic raytracing 3D channel model is investigated, and the study shows that the channel correlation matrix can be well approximated by the Kronecker production of the correlations in horizontal and vertical directions. References [12, [15] [16] [17] investigate the DL transmission for 3D massive MIMO systems. Based on both statistical and instantaneous CSI, [12] proposes a joint spatial division and multiplexing with 3D precoding scheme. By exploiting the Kronecker structure of the 3D MIMO channel matrix, Wang et al. [15] propose a 2D precoding scheme to fully exploit the degrees of freedom provided by the vertical dimension, which can reduce the multiuser interference (MUI) and inter-cell interference (ICI). Li et al. [16, 17] assumes that the BS has only the statistical CSI of each user. Through eigen-decomposition of horizontal and vertical correlation matrices, the beamforming vector for each user are obtained. Moreover, the space division multiple access transmission scheme based on the 3D beamforming is proposed.
Both TDD and FDD systems are half-duplex (HD) systems that assign orthogonal time or frequency resources to the UL and DL, which theoretically leads to half of the time-frequency resources wasted. With the development of signal and hardware processing techniques, recently, the full-duplex (FD) techniques become one of the attractive options for wireless communications. The severe self-interference (SI) due to the signal leakage from the transmitter to the receiver is one of the major challenges for FD communications, which results in the rapid development of various kinds of SI cancellation (SIC) techniques [18] [19] [20] . Due to the FD transmission, the DL users may suffer from the interference transmitted by UL users in cellular systems, which can be controlled by using different beams [21] [22] [23] . In order to achieve higher SE performance, a lot of research has been done on FD massive MIMO technology [24] [25] [26] [27] [28] . Xia et al. [28] shows that adopting linear beamforming techniques can significantly reduce the adverse impact of SI, and FD massive MIMO systems outperform the HD counterpart in SE even without active SI cancellation.
In this paper, we assume that two separate large-scale UPAs are deployed at the BS, and investigate 3D multiuser transmission in the FD massive MIMO cellular system. The contributions of our works are as follows:
• The beam-domain (BD) characteristic of the 3D channel is investigated, including UL, DL, and SI channels. In the BD channel, most of the power is concentrated on each user's own beamspace. The algorithm of calculating each user's best beamspace is provided.
• By exploiting the low-dimension property of the effective beamspace channels in the BD, we propose the 3D multiuser beamspace transmission (MUBT) scheme which processes the signals in each users's beamspaces. Utilizing the orthogonality of beamspaces between groups, we show that our the 3D MUBT can eliminate the inter-group interference (IGI), and significantly reduce the overhead of channels estimation.
• The SI channel in 3D massive MIMO is modeled, and the beamspaces of the SI channel are derived. Based on the beamspaces of SI channel and features of co-channel interference (CCI) within the cellular systems, we introduce a simple cell partitioning strategy and propose a user-scheduling algorithm. Both the theoretical analysis and simulation results show that the proposed scheme reduce the SI effectively.
Notation: We use boldface uppercase letter A and boldface lowercase letter a to represent matrix and column vector, respectively. E(·), · , (·) * , (·) H , (·) and Tr(·) stand for the expectation, the Euclidean norm, the conjugate, the conjugate transpose, the spectral radius of a matrix and trace of a matrix, respectively. |B| denotes the cardinality of a set B.
[A] i,j denotes the ith-row and jthcolumn entry of matrix A. I N represents the N ×N identity matrix. CN μ, σ 2 stands for the complex-Gaussian distribution with mean of μ and variance of σ 2 . e i represents a vector whose ith entry is 1 and the other are 0. δ (·)is the Dirac delta function.
Methods
The outline of this paper is as follows: Section 3 describes the system and the channels model. In Section 4, the BD characteristics of 3D massive MIMO channels are investigated and the beamspace representation of channel is given. In Section 5, we detail the proposed 3D MUBT scheme, which includes user scheduling, channel estimation, and data transmission. In Section 6, we perform various simulation results using MATLAB to demonstrate the effectiveness of the proposed scheme, and furthermore, the existing approaches are compared under the same setting to show the superiority of the proposed scheme. Finally, the concluding remarks are offered in Section 7.
System and channel models
As shown in Fig. 1 , we consider a 3D multiuser massive MIMO system, where K u UL users and K d DL users are distributed in 3D space. We assume that all the users work in HD mode and equipped with single antenna. The FD BS deploys two separate large-scale UPAs 1 (one for transmitting and one for receiving), and both of them has N v antennas in the vertical dimension and N h antennas in the horizontal dimension and each dimension is a uniform linear antenna array (ULA). Let d v and d h denote the distance of adjacent antennas in the vertical and horizontal directions.
UL and DL channel models
In this paper, we consider a 3D massive MIMO channel model and assume that the channels between the BS and users passes through a great number of rays [29] . Therefore, the channel of UL user k u can be written as:
where θ k u and ϕ k u represent the direction of arrival (DoA) of user k u in vertical and horizontal directions;
denote the angular spread (AS) range resulting from scatters in the vertical and horizontal directions; and r u θ k u , ϕ k u denotes the UL complex response gain. Here,
is the array response matrix which can be expressed as:
where
λ sin θ k u cos ϕ k u , and λ is the carrier wavelength. Define
then we can rewrite
As a result, the UL channel matrix can be rewritten as:
Therefore, the equivalent vectorial form of G k u is:
Similarly, define θ k d and ϕ k d as the direction of departure (DoD) of DL user k d in vertical and horizontal dimension, and let
and
be the AS range of DoD and DL response gain; then, the channel vector of user k d can be expressed as:
In this paper, the AS range k u and k d are assumed to be relatively narrow, which is reasonable when the BS is set at a relatively high altitude [13] .
3D SI channel model
We assume that some SIC techniques have been adopted at the BS, e.g., passive SI cancellation technique, so that there exists no light-of-sight (LOS) signals from transmit antenna array to receive antenna array and the two arrays are independent. Moreover, we assume that there are several scatters (e.g., tall buildings) surrounding the arrays; then, the SI signal consists of several non-ligth-of-sight (NLOS) rays.
Let G SI ∈ C N v N h ×N v N h be the channel from transmit antenna array to receive antenna array, i.e., SI channel. According to the Kronecker stochastic channel model [14, 30] , the SI channel can be modeled as
where G w is a N v N h × N v N h random matrix with independent and identical distributed (i.i.d.) CN (0, β SI ) elements. Here, β SI can be understood as the level of the residual SI, which is related to the path loss of the SI channel and the capability of the SIC techniques. C R and C T denote the receive and transmit spatial correlation matrices which are also the corresponding covariance matrices. In this paper, we assume that only the antenna-domain (passive) SIC techniques are adopted and no analog or digital-domain (active) SIC techniques are used [19] . Now, we need to find out the expressions for every entry of C R and C T , which are expressed as C a , a ∈ {R, T} for simplicity of illustration. Define the correlation between (k, l) -th and (p, q) -th antenna element of antenna array as C (k,l) ,(p,q) a . According to [14] 
can be approximately written as a product of vertical and horizontal correlations; then, the correlation matrix can be expressed as
where C av and C ah are the vertical and horizontal correlation with
Here, θ a , ϕ a , ξ a , and σ a denote the DoA (a = R) or DoD (a = T) in vertical and horizontal directions and the normal distribution variance of the angular perturbation in vertical and horizontal directions. Note that, from (9), we can see that C a is Hermitian matrix.
Beam-domain characteristics of 3D massive MIMO channel
In the cellular systems, due to the fact that the antenna array at the BS are generally set at a relative high building where the scatters around are relatively sparse, therefore, most of the energy of the channels concentrate on several spatial directions [31] , i.e., several beams of signals.
Hence, in order to realize multiuser transmission in the 3D massive MIMO system, we first investigate the physical beam characteristic of 3D massive MIMO channels.
Beamspaces of UL and DL channels
To get started, we introduce the following lemma:
Lemma 1 The channels of UL user k u and i u or DL user k d and i d (k = i) are asymptotically orthogonal if their vertical or horizontal AS ranges are disjoint, i.e., lim
where x ∈ {u, d} represents UL and DL, respectively.
Proof Using the property of vec (ABC) = C T ⊗A vec (B) and
Lemma 1 can be easily obtained.
From Lemma 1, we can see that in 3D massive MIMO systems, both the vertical and horizontal resolution are high so that users have different DoD or DoA can be simultaneously scheduled, e.g., users in the same building having the same horizontal angle while different in the vertical dimension. Note that, in 2D massive MIMO system where ULA is deployed at the BS, users can only be distinguished in horizontal plane.
To investigate the physical beam property of 3D massive MIMO, we first define
x ik , x ∈ {N v , N h }, and introduce the following lemma: Proof We first assume that the UL or DL channels only consist of single ray, i.e.,
Apparently, for any DoA or DoD
. Particularly, p 0 and q 0 are usually not integers, which as a result will cause the power at point (p 0 , q 0 ) to leak to the surrounding points.
Then, we consider the case of large number of rays, i.e.,
According to (13) , it can be concluded that each ray of G k x is corresponding to a (or limited) nonzero point as N v , N h → ∞, and is restricted in a relatively small range under the narrow AS range condition, which is given by (14) , shown at the top of the next page, where the B k x is called the beamspace of channel G k x . This completes the proof of Lemma 2.
Based on Lemma 2, the channel matrix can be approximately represented by
where p and q are the indexes of the columns and
is the beamspace channel whose dimension has been efficiently reduced from N v ×N h to B k x , where B k x denotes the cardinality of the beamspace B k x . Note that, according to Lemma 2 it can be obtained that (15) becomes equality when N v and N h tend to infinity. Then, the beamspace channel can be written as: 
The conclusion in Corollary 1 indicates that if the beamspaces of different users are orthogonal, the users in the BD are "invisible" to each other, i.e., the signals transmitted on their own beamspace channels won't affect other users. Fig. 2 . In most cases in the reality, the AS in the vertical domain is relatively small due to the height of the BS [32] ; therefore, we set the AS in the horizontal directions δ h is 10 • and in the vertical directions δ v is 5 • . Obviously, the channel power is concentrated on the beamspace, but with the finite number of antennas, the power might leak to the around points.
In order to facilitate the operation, we rewrite the BD channel into equivalent vectorial form asg
, we can get
where The top view of a and the beamspace of each channel which is generated by (14) and is marked with rectangular frame where vec B k x is the vectorial beamspace which is denoted as B k x . Then, we havẽ
From Lemma 2, we can see that, with the practical finite number of antennas, most power of the beamspace channel are concentrated around the points as (14) shows, and the dimension of beamspace is also related to the AS range of the signal rays. For keeping the required channel power of the beamspace channel, the dominant beams that are selected for the transmission at the user k x are defined as:
where threshold ξ k x ∈ (0, 1) which can be selected so that
captures a significant fraction ρ of the power ofG k x (e.g., ρ ≥ 0.9). ρ is the required effective power ratio close to 1. Since B k x is only related to the direction information, i.e., θ k x , ϕ k x , which varies over a relatively long time and can be accurately obtained at the BS with little hindrance through long-term feedback [33] . Therefore, we can preestablish an off-line data table of different θ k x , ϕ k x for the B k x in order to decrease the complexity of computation.
Beamspace of SI channel
In FD 3D massive MIMO systems, the dimension of SI channel is ultra-high (N v N h × N v N h ) ; therefore, the compressibility of G SI is urgent to be explored and exploited.
We first introduce an eigenvalue characteristic of largescale UPA. Using the eigenvalue decomposition, C av and C ah can be expressed as:
where a ∈ {R, T}, U av and U ah are unitary matrices,
According to [12] , for the large dimension of ULA, the eigenvector matrix can be approximated by a unitary DFT matrix. Since UPA is composed of ULAs in each row and column, and under the assumption of large dimension of antenna array at the BS, we can approximate the C av and C ah as
and the eigenvalues D av and D ah have the following characteristic:
where λ av and λ ah are non-negligible. Then, we can get the dominate domain of D a as:
where 
3D multiuser beamspace transmission scenario
With 2D large-scale antenna arrays deployed at the BS, the spatial resolution of vertical and horizontal directions in 3D massive MIMO systems are high. We can exploit the slow time-varying angular information such as DoA, DoD, and channel correlation to efficiently estimate channels and transmit data. In this section, we detail our proposed 3D MUBT scheme. Based on user grouping scheme and beamspace channel estimation method, we show the scheme is capable of eliminating the SI, IGI, and MUI.
Beamspace-aware user scheduling
Due to the simultaneous transmission of UL and DL, the existence of SI and CCI restricts the overall performance of FD cellular systems. However, we can exploit the orthogonality of beamspace to avoid the SI, and by user scheduling strategy, the CCI can be ignored. To begin with, the user are partitioned into groups on the basis of the following criteria: Criterion: Allocate the UL/DL users whose beamspaces are the same to the same group, while the beamspaces of different UL/DL groups are orthogonal, i.e., is the number of users in group g x i , and g x i,k denotes the index of the kth user in group g x i , where x ∈ {u, d}. In the FD cellular systems, if the co-channel UL and DL users are too close to each other, the CCI may cause a serious trouble to the DL users' signal-to-interference ratio. Therefore, we provide a simple user scheduling algorithm to mitigate the SI and attenuate the CCI. The main idea of our scheduling strategy to suppress the CCI is to locate the co-channel users apart. Within the cellular systems, the sufficient distance isolation between co-channel users can significantly reduce the CCI due to the plenty of obstructions such as buildings and trees, which as a result makes the CCI negligible compared to the signals transmitted from the high-altitude BS 2 Firstly, we partition the cell into four areas A 1 , A 2 , A 3 , and A 4 as Fig. 3 shows, then the user scheduling algorithm is proposed as the following.
Algorithm 1 User Scheduling Based on the Distance and SI Beamspaces Isolation
1: Calculate the beamspaces of all UL and DL users through (14) and (20) . 2: Partition UL and DL users into groups according to the beamspace-aware grouping criterion (25) . Let G u and G d be the set of UL and DL groups which satisfy 
Effective beamspace channel estimation
During the estimation phase of the FD system, all UL users transmit the pilot sequences to the BS, and simultaneously, the BS transmits the pilot sequences to the DL users. Then, the received pilot signals at the BS and the ith DL group are written as:
i are the channel matrices between the BS and the ith UL and DL user group, respectively.
is the co-channel matrix between jth UL group and ith DL group. The second term of the right side of (27) is the CCI resulting from the simultaneous UL and DL transmission at the same frequency. Based on the user scheduling algorithm, the CCI can be ignored in the FD scenario, which as a result is omitted in the later analysis. 
UL beamspace channel estimation
In order to eliminate the IGI, which is also the pilot contamination, we multiply both sides of (26) 
. (28) Then, the BS obtains the observation of UL beamspace channel as:
The second term of the right side of (29) is the pilot contamination between the kth users in all UL groups due to the reuse of the same pilot sequence. Note that, according to the grouping criterion and Corollary 1, the pilot contamination approaches to zero as 
, and
Based on the orthogonal property of MMSE estimation [34] , the channel eatimation error isḡ
, and the covariance ofḡ
is: (27) can be rewritten as:
DL beamspace channel estimation
Then, the observation of the DL beamspace channel is written as
The second term of the right side of (35) is the pilot contamination caused by the reuse of the same DL pilot sequence set over all DL groups, and it tends to vanish as N v , N h → ∞ according to the grouping criterion and Corollary 1.
Using the similar method as UL estimation, we have:
Similarly, the covariance of DL channel estimation error
Data transmission
At the data transmission stage 3 , UL and DL users transmit signals in the same time-frequency resource. In our transmission scheme, the data are transmitted in each group's own beamspace. In the BD, the received signal at the BS from the ith UL group and the received signal at the ith DL group can be written as: For massive MIMO systems, linear signal processing techniques have already been shown to have good performance [2] . Therefore, in this paper, define can be written as
which is capable of decoding the data of user g u i,k , and the second term of the right side of (42) is the MUI within the group. For DL, the BD precoded data can be written as 
We adopt the zero-forcing (ZF) beamforming scheme to eliminate the MUI. The CSI of UL and DL beamspace channels is assumed to be obtained by (30) and (36); then, the beamforming matrices can be expressed as:
i is a diagonal matrix for the normalization of the precoder. Based on (42) and according to [35] , we can obtain the signal-to-interference-plus-noise ratio (SINR) of user g u i,k as (45), shown at the top of the next page, where
According to (43) and the similar method in [35] , the SINR of user g d i,k can be expressed as (46), shown at the top of next page.
Eventually, the achievable rates of user g u i,k and g d i,k are expressed as:
Simulation results
In this section, we present the performance of the proposed scheme through simulation results. The parameters of the simulated single-cell multi-user systems are listed in Table 1 . For path loss, we consider the 3GPP LTE simulation model [36] . It is assumed that the transmit and receive antenna arrays are separated in distance and some passive SIC techniques, such as radio frequency absorber material, are adopted so that the level of residual SI β SI = 15 dB. We consider that both the UL and DL users are scheduled by Algorithm 1 and are gathered into three groups. We assume that each group has 8 users and the range of DoA or DoD of users within each group is the same.
Channel estimation
In order to evaluate the performance of our proposed channel estimation method, we define the average individual MSE as the performance metric which is given by:
Figures 4 and 5 present the comparison of the UL and DL channel estimation performance between the proposed 
Under this setup, the default length of pilot sequence is τ = 42. We also compare the cases of τ = 54 and τ = 72. From the numerical results, we can see that the DL performance of the proposed scheme outperforms the conventional full-dimension method and the UL performance of the proposed scheme is better in the low-SNR region. What is more, comparing the proposed HD and FD scenarios, we can observe that in the low-SNR case, the performance is very close between HD and FD. As the SNR grows, the harmful impact of SI increases, which brings down the performance of FD scenario. Note that, in the HD massive MIMO systems, the required minimum length of pilot sequence in the conventional TDD systems with DL reciprocity [5] and FDD systems [12] are
, respectively. In the FD massive MIMO systems, [24] assumes that transmit and receive radio-frequency chains share the transmit antennas at the BS so that DL CSI can be obtained by utilizing the reciprocity which is at the cost of hardware, and the required minimum length of pilot sequence is
48. In addition, we know that the computational complexity of MMSE estimation is O n 3 due to the matrix inversion operation where n is the dimension of the channel covariance matrix, which lays a heavy burden on the system if n is large, especially for massive MIMO system. For example, the computational complexity of the conventional full-dimension MMSE estimation [6] is O (N v N h ) 3 = O 625 3 , which is very high. Nevertheless, the complexity of our low-dimension beamspace channel estimation scheme is
3 which is O 30 3 . From this perspective, our 3D MUBT scheme is competitive in 3D massive MIMO system application.
Data transmission
The SE in this subsection is defined as SE = SE u + SE d
, a ∈ {u, d}, the factor 1 2 is for the HD mode which does not exist in the FD case. To validate the feasibility and illustrate the effectiveness of the FD 3D MUBT scheme, Fig. 6 compares the SEs versus average receive SNR in different scenarios. It can be seen that the FD 3D MUBT achieves the best performance both in the low SNR and high SNR region. The reason is that even though assuming the DL reciprocity, the training overhead in [24] is still larger than the proposed Fig. 4 Comparison of the UL channel estimation performance between the beamspace channel estimation and conventional estimation versus average receive SNRs scheme. Besides, by using the user scheduling algorithm, the anti-SI capability of the proposed scheme outperforms the linear transceiver. Nevertheless, as the SNR grows, the performance gap between the FD 3D MUBT scheme and the FD scheme with linear transceiver decreases, and that between the HD 3D MUBT scheme and TDD case increases. The reason of them both is that as the SNR increases, the truncation error limits the performance of the proposed 3D MUBT scheme. What is more, the HD 3D MUBT outperforms the FDD [12] mainly due to the less training overhead.
Meantime, the comparisons that with less number of antennas ( 15 × 15 ) and no user scheduling are made. As expected, with less number of antennas, the overlap of beamspaces will increase which will increase the IGI and SI. Similarly, without the user scheduling algorithm, the orthogonality of beamspaces between different groups of simultaneously scheduled users and SI cannot be guaranteed. And the CCI will also damage the system.
In the previous simulations, the β SI is set to the fixed value. To investigate how the SI level influences the SE performance in the FD massive MIMO systems, we compare the performance between HD system and FD system with different SI level β SI in Fig. 7 . As expected, the performance of FD systems outperform that of HD systems when β SI level is low and reduces as β SI grows. It is observed that in the low β SI regions, the linear FD scheme achieves the better SE performance, which is because when the SI is relatively small, the channel estimation error, IGI and AWGN restrict the SE performance mainly; then, as a result, the linear scheme outperforms the proposed scheme due to the truncation error. For [24] HD (TDD) [5] HD (FDD) [12] the similar reason, when the SI becomes the dominate, the impact of the SI on the two schemes is almost the same; therefore, the linear FD is superior when the SI level is high. However, when the β SI is within (8, 45) , the FD 3D MUBT scheme outperforms the linear FD, which indicates that with the user scheduling strategy, the FD 3D MUBT scheme has better anti-SI capability. In other words, applying the FD 3D MUBT scheme can lower the requirement for the SIC techniques. Take SE = 49 bit/s/Hz for example, the corresponding β SI for the FD scheme with linear transceiver and the FD 3D MUBT scheme are 20 and 30dB, which indicates that the SIC capability in conventional FD system needs 10dB more than that in the proposed scheme and will bring the extra hardware cost and complexity.
3D precoding schemes
According to [14] , the channel correlation matrix can be well approximated by the Kronecker production of the correlations in horizontal and vertical directions, i.e., C = C h ⊗ C v . Based on this, [37] designs a eigen-beamforming scheme. This scheme first chooses the principle eigenvector of C v , to perform the vertical dimension beamforming, then use the eigenvector matrix of C h to do the horizontal dimension beamforming. In [16] , Li et al. exploit the eigenvalue characteristic of large-scale UPA as discussed in Section 5.2 (23) , and select the optimal DL beamforming vector for the kth user as b k = F N h :,n ⊗ F N v :,m to maximize the average signal-to-leakage-plus-noise ratio, where n and m are the indexes of columns where the maximum eigenvalues of C h and C v are, respectively. In Fig. 8 , we investigate the DL transmission with different 3D precoding schemes under the different conditions of δ v . Here, we get rid of the 1 / 2 pre-log factor of the DL SE for the sake of illustration. We can see that the proposed scheme achieves the best performance. The performance of eigenbeamforming scheme decreases when δ v increase. This is because the power of the channel is concentrated around the dominant eigenmode, and as the vertical AS increase, the power of the principle eigenvalue decrease. Moreover, the 3D beamforming scheme is insensitive to δ v under this setup 4 . However, we can see that the SE performance of the proposed scheme increase as δ v grows; this can be explained by (14) . The dimension of the beamspace channel increases as AS grows while keep the distance between the beamspaces of groups and the IGI at acceptable levels, which as a result improves the SE.
Conclusions
In this paper, we propose a 3D MUBT scheme for FD cellular systems. By adopting the property of beamspace, the 3D MUBT scheme can not only efficiently mitigate the SI due to FD transmission, but also significantly reduce the overhead of channel estimation. The simulation results show that the proposed 3D MUBT scheme outperforms the FD scheme with linear transceiver and the HD (TDD/FDD) schemes in massive MIMO cellular system.
Endnotes
1 Note that in FD techniques, the antenna configuration can also be the shared type, which only needs one antenna array to accomplish transmission and reception [19] . Nevertheless, due to the serious cross-talk within the antennas, it is impractical in MIMO system for now. 2 We assume that the radius of the cell is 1000m. According to the 3GPP LTE BS-to-user and user-to-user path loss models for macrocell environment [36] , the path loss between BS to users and users to users are PL = 2.7 + 42.8log 10 (R BS -UE ) and PL = 55.78 + 40log 10 (R UE -UE ), respectively, where R BS -UE and R UE -UE are distances in meter. When the distance between BS and users is 400m (the shortest distance between users and users is 350m according to the Algorithm 1), the interference channel between the two users is about 43dB weaker than the useful channel. 3 The estimated DL CSI feedback process is also important and is studied in a lot of literatures [11, 38, 39] . Choi et al. [39] shows that the influence of channel feedback noise and errors can be made negligible with respect to the channel estimation errors especially when the SNR is high, hence in this paper we consider the ideal DL CSI feedback for simplicity, as assumed in [12] . 4 In fact, the simulation results in [16] have the similar conclusion with the eigen-beamforming scheme, but when the number of user in each group is small, the decrease of the SE performance is inconspicuous. 
